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The spread of the Cooper pairs into the ferromagnet in proximity coupled superconductor - ferromagnet (SF)
structures is shown to cause a strong inverse electromagnetic phenomenon, namely, the long-range transfer of
the magnetic field from the ferromagnet to the superconductor. Contrary to the previously investigated inverse
proximity effect resulting from the spin polarization of superconducting surface layer, the characteristic length
of the above inverse electrodynamic effect is of the order of the London penetration depth, which usually much
larger than the superconducting coherence length. The corresponding spontaneous currents appear even in the
absence of the stray field of the ferromagnet and are generated by the vector-potential of magnetization near
the S/F interface and they should be taken into account at the design of the nanoscale S/F devices. Similarly
to the well-known Aharonov-Bohm effect, the discussed phenomenon can be viewed as a manifestation of the
role of vector potential in quantum physics.
The proximity phenomena in condensed matter physics
are known to include the interface effects which are usu-
ally associated with the exchange of electrons between
the contacting materials. This exchange is responsible
for the mutual transfer of different particle-related qual-
ities through the interface such as superconducting cor-
relations, spin ordering etc.1–3 The goal of the present
work is to show that this spread of particle-related qual-
ities in some cases should be supplemented by the long-
range spread of the electromagnetic fields. As an exam-
ple, we demonstrate that such electromagnetic proximity
effect can strongly affect the physics of superconductor -
ferromagnet (SF) systems which are widely discussed as
building blocks of superconducting spintronics4,5.
To elucidate our key observation we can consider an ex-
emplary bilayer system consisting of a superconducting
(S) film placed in contact with a ferromagnetic (F) layer
with the magnetic moment parallel to the layer plane
(see Fig. 1). Considering the S and F subsystems to
be isolated we get a perfect example of complete sep-
aration of the regions with a nonzero concentration of
Cooper pairs and magnetic field. The latter is completely
trapped inside the ferromagnet. As we allow the electron
transfer between the subsystems the Cooper pairs im-
mediately penetrate the ferromagnet inducing the pair
electron correlations there. This process which is usually
referred as a standard proximity effect leads to the series
of fascinating transport phenomena1,6. The inverse prox-
imity effect namely the transfer of the magnetic moment
from the ferromagnetic to the superconducting subsys-
tem is also possible and has been recently studied in a
number of theoretical and experimental works7–18. This
inverse proximity effect is related to the spin polariza-
tion of electrons forming the Cooper pair near the S/F
interface and results in the small magnetization of the
superconducting surface layer at the depth of the or-
der of the Cooper pair size, i.e., the superconducting
coherence length ξ0 ∼ 1 − 10 nm. Experimentally, it
has been observed with the help of muon spin rotation
techniques13,14, nuclear magnetic resonance15 and neu-
tron scattering measurements16–18.
It is commonly believed that neglecting this short
range inverse proximity phenomenon we can assume the
magnetic field to remain completely trapped inside the F
film even when the electron transfer between the films is
possible. This conclusion is based on the obvious observa-
tion that an isolated infinite single-domain ferromagnetic
film with the in-plane magnetization does not produce
the stray magnetic field in the outside. In this paper we
show that, contrary to this belief, the direct proximity
effect is always responsible for the exciting the supercur-
rents flowing inside the ferromagnet itself and, thus, for
the appearance of the compensating Meissner supercur-
rents in the superconducting subsystem. The appearance
of these currents is accompanied by the generation of the
magnetic field in the S film which decays at the distances
of the order of the London penetration depth λ which can
well exceed the coherence length in type-II superconduc-
tors (see Fig. 1). From the experimental point of view,
this electromagnetic proximity phenomenon reminds the
Aharonov-Bohm effect19 since the current inside the at-
tached superconductor is induced by the ferromagnetic
layer which does not create the magnetic field outside
the layer in the absence of such superconducting environ-
ment. At the same time, the true physical key point is
that the wave function penetrating the ferromagnet is re-
sponsible for this effect, when the vector-potential of the
F magnetization unavoidably generates current in quan-
tum system described by a common Cooper pair wave
function (superconductor and a region near S/F inter-
face). Quite surprisingly this long-range electromagnetic
(orbital) contribution to the inverse proximity effect has
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FIG. 1. The sketch of the superconductor/ferromagnet bilayer. (a) When the layers are separated from each other the magnetic
field exists only inside the F layer. (b) In contrast, when the layers are put in contact the magnetization inside the ferromagnet
becomes the source of the long-range magnetic field in the superconductor. In both panels the orange solid (blue dashed) curves
schematically represent the profile of the magnetic field when the total current inside the F-layer is diamagnetic (paramagnetic).
(c) The spatial profile of the screening parameter λ−2(x) inside the ferromagnetic layer in the dirty limit. We take σs = 10σf .
been overlooked in all previous studies devoted to this
subject while the relevant magnetic fields strongly ex-
ceed the ones induced by the spin polarization discussed
in8,9 and should dominate in the experiments. Indeed,
in14,16 the induced magnetic field was observed in S/F
hybrid systems at distances much larger than all rele-
vant superconducting coherence lengths. The existing
theories of proximity effect fail to provide the interpreta-
tion of these results, while our approach provides a nat-
ural explanation of these phenomena. Thus, the current-
carrying states appear to be unavoidable for the SF sys-
tems and should be taken into account in the design of
the devices of superconducting spintronics4,5.
Further consideration illustrating the above qualitative
arguments is organized in two steps: (i) first, we consider
a simple model assuming a phenomenological form of the
relation between the supercurrent j and vector potential
A in conditions of the long range inverse proximity effect;
(ii) second, we present the results of microscopic calcula-
tions of the j(A) relation which support and justify the
phenomenological findings. Accounting for the proximity
effect we write the Maxwell equation in the form:
rot rotA =
4pi
c
(js + jm) , (1)
where js is the Meissner current and jm = c rotM is the
current associated with the magnetization M.
For the sake of definiteness we consider a bilayer con-
sisting of the superconductor of the thickness ds ≫ λ and
a ferromagnet of the thickness df ≪ λ with the uniform
magnetization M0 = M0ez. We choose the x-axis per-
pendicular to the layers with x = 0 at the S/F interface
(see Fig. 1). First, we assume the local London relation
which is relevant, e.g., for dirty S/F sandwiches:
js(x) = − c
4pi
1
λ2(x)
A(x), (2)
where the London screening parameter λ−2 becomes de-
pendent on x. The penetration of Cooper pairs into the F
film gives rise to the supercurrent there and also slightly
modifies the Meissner response of the S layer in the small
region of the thickness of the order of the superconduct-
ing coherence length ξ from the S/F interface. The latter
modification can even vanish if the conductivity of the
ferromagnet is much smaller than the normal conductiv-
ity of the S layer. So, let us, first, neglect the changes of
λ inside the superconductor and assume it to be equal to
the constant value λ0. Then the solution of Eq. (1) in the
S layer reads Ay(x) = A0 exp(x/λ0) where A0 is a con-
stant and inside the F layer Ay(x) = A0 + 4piM0x. Here
we neglect the spatial variations of the vector potential
in the ferromagnet related to the weak London screening
since the typical scale of such variation is of the order of
λ≫ df . Thus, the exact solution of Eq. (1) is redundant
for most realistic structure and material parameters and
we restrict ourselves to the approximate calculation pro-
cedure described below. To find A0 we integrate Eq. (1)
over the width of the ferromagnet accounting the rela-
tion Bz = ∂Ay/∂x. The magnetic current jm = c rotM
integrated over the sample thickness is zero and, thus,
the relation between the magnetic field Bz(df ) outside
the sample and the field Bz(0) = A0/λ0 inside the su-
perconductor close to the S/F interface takes the form
Bz(df )−Bz(0) = A0
∫ df
0
dx′
λ2(x′)
+ 4piM0
∫ df
0
x′dx′
λ2(x′)
.
(3)
The first term in the r.h.s. of Eq. (3) can be neglected
since it is of the order of (df/λ)Bz(0) ≪ Bz(0). Note
that for the same reason one can neglect the contribution
coming from the renormalisation of λ−2 in the region of
the width ∼ ξ inside the S layer if the inverse proxim-
ity effect is not small. In the absence of the external
magnetic field Bz(df ) = 0 and we finally obtain that the
magnetic field induced in the superconductor is
Bz = −4piM0Q exp(x/λ0), (4)
where Q =
∫ df
0
λ−2(x′)x′dx′. Note that in the con-
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FIG. 2. The dependence of the magnetic kernel Q on the ferromagnet thickness for the clean and dirty limits. For the
clean limit we take h = 10piT and choose the temperature T in a way that ∆ = 2piT . Also we define the values Qd =
pi2σf ξ
2
f tanh(∆/2T )/(2~c
2) and Qc = e
2ν0ξ
2
h(vF /c)
2 where σf is the conductivity of the ferromagnet and ν0 is the density of
states at the Fermi level per unit spin projection and per unit volume.
ventional regime when the superconducting condensate
penetrating the F layer reveals a diamagnetic response
with Q > 0 the magnetic field induced in the S layer
is anti-parallel to the magnetization M0. In the case
when df is of the order of the superconducting coher-
ence length in the ferromagnet ξf the basic estimate gives
Q ∼ (ξf/λ)2 ∼ 10−2 for the S/F structures based, e.g.,
on thin Nb films. Considering the experiments prob-
ing the change in the magnetic moment in SF structures
when cooling down through the superconducting critical
temperature and taking the typical magnetization cor-
responding to Fe or Co films 4piM0 ∼ 104 Oe we find
Bz ∼ 102 Oe which is an easily measurable value.
More accurate estimate for the valueQ can be obtained
within the Usadel formalism for dirty S/F bilayers20. In
Fig. 1(c) we plot the typical profile of the screening pa-
rameter inside the F layer while the behavior of the kernel
Q is shown in the right panel of Fig. 2. Remarkably, the
value Q oscillates as a function of df being either positive
or negative which corresponds to anti-parallel or parallel
directions of B and M0 for different values of df . Some-
what similar results for the magnetic response have been
previously found for the S/F structures with a low trans-
parent barrier at the interface in21, but the magnetic field
generated inside the superconductor was neglected.
Interestingly, the value Q and, thus, the magnetic field
in the S layer can be substantially increased provided the
magnetization in the F layer has a non-collinear structure
- this is relevant to the recent experiments14. To illustrate
the origin of this effect let us assume that the ferromag-
net consists of two layers: one layer F1 occupying the
region 0 < x < d1 has the magnetization M0 along the
z-axis while another layer F2 of the thickness d2 has the
same magnetization M0 but directed along the y-axis.
We choose d2 to be much larger than the normal metal
coherence length ξn =
√
Df/T but still much less than λ.
The vector potential in the F bilayer has two components:
A = (A0y + 4piM0x) ey +A0zez for 0 < x < d1 and A =
(A0y + 4piM0d1) ey + [A0z − 4piM0(x − d1)] ez for d1 <
x < d1 + d2. The functions Ay0(x) and Az0(x) vary over
the distances ∼ λ and are almost constants in the F film.
Integrating Eq. (1) analogous to the case of the S/F bi-
layer we find the magnetic field induced in the S layer:
Bz = −4piM0Qzex/λ0 , By = −4piM0Qyex/λ0 , (5)
where
Qz =
∫ d1
0
x′dx′
λ2(x′)
, Qy =
∫ d1+d2
d1
(x′ − d1)dx′
λ2(x′)
. (6)
In Fig. 3 we schematically show the spatial profiles of
the spontaneous magnetic field for parallel and perpen-
dicular orientations of the magnetic moments in the fer-
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FIG. 3. The profiles of the spontaneous magnetic field in
the superconductor-ferromagnet-ferromagnet trilayers when
the magnetic moments in the two F layer are (a) parallel to
each other and (b) perpendicular to each other.
4romagnetic layers. Remarkably, for perpendicular ori-
entation the estimate for the value Qy based on the
Usadel formalism gives Qy ∼ (ξn/λ)Qz ≫ Qz where
ξn =
√
Df/T ≫ ξf . As a result, in the experiments
where the angle θ between the magnetic moments in two
F layers can be tuned one should observe a strong in-
crease in the magnetic moment of the S layer for θ = pi/2
as compared to the case θ = 0 (see Fig. 3). Namely
this behavior has been recently discovered in experiments
with the Au/Nb/ferromagnet structures14.
Note that all described phenomena should become
more pronounced provided one deals with the clean S/F
and S/F1/F2 sandwiches. In this case the Cooper pairs
penetrate over much larger distances into the ferromag-
net which strengthen the proximity effect and, thus, the
amplitude of the induced magnetic field in the supercon-
ductor. In the clean limit the relation js(A) becomes
non-local and we may write it in a very generic form
js(x) = − c
4pi
∫
A(x′)K(x, x′)dx′. (7)
Deep inside the superconductor for |x| ≫ ξN = ~vF /T
the kernel K in this relation has the standard London
form characterized by the penetration depth λ0. Then
the profile of the magnetic field generated in the super-
conductor is again determined by Eq. (4) but the value
Q now can be expressed through the nonlocal kernel K
(see supplementary material):
Q =
∫ df
−x0
dx
∫ df
0
dx′x′
[
K(x, x′)− λ−20 δ(x − x′)θ(−x)
]
,
(8)
where θ(x) is the Heaviside step function and the inte-
gration limit x0 satisfies the condition ξN ≪ x0 ≪ λ0.
The calculations of the screening parameter Q are pre-
sented in the supplementary material. In Fig. 2 we show
the typical dependence of the value Q on the ferromagnet
thickness. The interference between different quasiparti-
cle trajectories results in the oscillations of Q(df ) with
the period of the order of the length ξh = ~vF /h which
is known to characterize clean ferromagnets1. The en-
velope of the oscillating Q increases as ∝ (df/ξN)2 at
small df/ξN values [here ξN = ~vF /(4piT )] and decays
exponentially at df ≫ ξN .
Up to now several experimental papers reported the
evidences of the long ranged (at distances larger than ξ)
magnetic field generation in S/F systems which could
be naturally explained by the above theory. In par-
ticular, in Ref.16 the polarized neutron reflectometry
was used to study the magnetic field profile in a sin-
gle V(40 nm)/Fe(1 nm) bilayer. Below Tc these mea-
surements indicate the appearance of the spontaneous
magnetic field penetrating the S layer at the distance
∼ 20 nm from the S/F interface. This distance definitely
exceeds the coherence length ξ0 ∼ 5 ÷ 10 nm for vana-
dium. Another manifestation of the long ranged field
generation was recently reported in14, where the muon
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FIG. 4. Shift in the Fraunhofer critical current oscillations
for the Josephson junction with one electrode covered by the
ferromagnetic layer.
spin-rotation experiments in Au/Nb/ferromagnet struc-
ture revealed a remote magnetic field in Au at the large
distance (more than 50 nm which strongly exceeds the ξ
value in Nb films) from the ferromagnet. In14 the com-
posite F layer was used allowing a non-collinear mag-
netic configuration. The remote field was much more pro-
nounced in a perpendicular configuration in accordance
with the above arguments regarding the generation of the
long-range magnetic moment in SFF’ systems. All these
observations are pretty hard to explain by the standard
theory of the inverse proximity effect characterized by a
rather short length scale ∼ ξ0. In contrast, our results
clearly demonstrate the current and magnetic field gen-
eration at much larger distances ∼ λ ≫ ξ from the S/F
interface. Note that repeating the experiments14 without
the applied external field one may expect the generation
of the magnetic field in the Au layer solely by the spon-
taneous current predicted in our work.
Sure, the muon spin-rotation experiments permit the
direct measurement of the spontaneous magnetic field in
S/F structures. An alternative way to detect the cur-
rents associated with these spontaneous magnetic fields
can be based on the use of different types of local trans-
port probes positioned at the outer boundary of the su-
perconductor. Scanning, e.g., the outer surface by the
normal metal tip of the scanning tunneling microscope
one can measure the changes in the local density of states
caused by the Doppler shift of the quasiparticles energy
in the presence of the superflow22–24. For the case of
the superconducting probe one can also propose a sim-
ple and elegant experimental setup revealing this effect.
It consists of the Josephson junction where one of the
electrodes has the thickness of the order of λ and is cov-
ered by the ferromagnetic layer (see Fig. 4). Certainly,
the superconducting probe should be small enough not
to perturb the measured magnetic field distribution. The
electromagnetic proximity effect should result in the shift
of the Fraunhofer dependence of the critical current on
the external magnetic field. Note that the proper choice
of the magnetic field can compensate this shift and re-
store the bare critical current (see Fig. 4).
To sum up, we have revealed a very general mecha-
5nism of the long-range electromagnetic proximity effect
in the S/F structures which results in the strong spread
of the stray magnetic field into the superconductor from
the ferromagnet. The screening currents accompanying
this magnetic field spread appear in the region where in
the normal state all the stray fields are completely ab-
sent. The only nonzero electromagnetic characteristic in
this region is the vector potential which is usually an un-
observable quantity. In this sense the current generation
which accompanies the superconducting transition illus-
trates the crucial role of the vector potential in quantum
physics of the SF structures.
SUPPLEMENTARY MATERIAL
See supplementary material for a microscopical calcu-
lation of the electromagnetic response in the dirty and
clean limits.
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SUPPLEMENTARY MATERIAL FOR
“ELECTROMAGNETIC PROXIMITY EFFECT IN
PLANAR SUPERCONDUCTOR-FERROMAGNET
STRUCTURES”
A. Magnetic response: dirty limit
To estimate the value Q in the dirty limit we use
the Usadel formalism. The spatial profile λ−2(x) is
determined by the anomalous Green function fˆ(x) =
(fs+ ftσˆ)iσy which is a 2× 2 matrix in the spin space (σˆ
is the vector of the Pauli matrices):
λ−2(x) =
16pi2Tσ
~c2
∑
ω>0
(
|fs|2 − |ft|2
)
. (S1)
In Eq. (S3) the summation is performed over the posi-
tive Matsubara frequencies ω, σ is the normal state con-
ductivity and inside the F layer the singlet and triplet
components fs and ft satisfy the Usadel equations
D∂2xfs = 2ωfs + 2ihft, D∂
2
xft = 2ωft + 2ihfs, (S2)
where D is the diffusion coefficient and h is the exchange
field. For simplicity let us assume the conductivity of the
F layer σf to be much smaller than the one of the super-
conductor (σs) which allows to impose the rigid bound-
ary conditions at the S/F interface for the fˆ function:
fs = fs0 and ft = 0 where ∆ is the gap function and
fs0 = ∆/
√
ω2 +∆2. Assuming ∆ to be real we can im-
mediately write the solution of Eqs. (S2): fs = Re(F ),
ftz = i Im(F ) where F = fs0 cosh [q(x− df )] / cosh (qdf )
and q2 = 2(ω + ih)/Df . The functions fs(x) and ftz(x)
are oscillating and, therefore, there are regions where
|ftz| > |fs| and the local Meissner response is param-
agnetic.
6To calculate the value Q for the S/F bilayer in the
dirty limit it is convenient to rewrite the expression for
the screening parameter λ−2 through the function F =
fs + ftz:
λ−2(x) =
16pi2Tσ
~c2
∑
ω>0
Re
(
F 2
)
. (S3)
Note that the frequencies ω enter only the amplitude fs0
which allows to calculate the sum in Eq. (S3) analytically:
∑
ω>0
∆2
ω2 +∆2
=
∆
4T
tanh
(
∆
2T
)
. (S4)
Also the value Q is defined by the following integral:
df∫
0
x cosh2 [q(x− df )] dx
cosh2 (qdf )
=
q2d2f − 1
4q2 cosh2 (qdf )
+
1
4q2
. (S5)
The last term in Eq. (S5) is purely imaginary and it drops
out from the value Q. Finally, after algebraic transfor-
mations we obtain:
Q =
pi2σfξ
2
f∆
2~c2
tanh
(
∆
2T
)
Im
[
q2d2f − 1
cosh2(qdf )
]
, (S6)
where ξf =
√
Df/h.
B. Magnetic response: clean limit
To calculate the magnetic response kernel in the clean
limit we use the approach analogous to the one in [1, 2]
which is based on the solution of the Eilenberger equation
[3]. We consider a clean S/F bilayer with df ≪ λ and
ds ≫ λ. Inside the S layer the Eilenberger equations for
the quasiclassical Green functions read
~vF Dˆf = −2ωf+2∆g, ~vF Dˆ∗f † = 2ωf †−2∆∗g, (S7)
where g is the normal Green function, f and f † are the
anomalous Green functions satisfying the normalization
condition f †f+g2 = 1, Dˆ = (∇+ 2ieA/~c) is the gauge-
invariant momentum operator, ω is the Matsubara fre-
quency, and vF = vxxˆ0+ vyyˆ0+ vzzˆ0 is the vector of the
quasiparticle velocity. For simplicity we neglect the spa-
tial variations of the gap potential ∆ inside the S layer
which is accurately justified in the vicinity of Tc or in the
case of strong mismatch between Fermi velocities in the
S and F layers which damps the proximity effect. Note,
however, that such variations of ∆ should not qualita-
tively change the final results, so our simple model makes
sense even at low temperatures. Inside the F layer we get:
~vF Dˆf = −2(ω + ih)f, ~vF Dˆ∗f † = 2(ω + ih)f †. (S8)
We focus only on the solutions of Eq. (S8) near the S/F
interface in the region of the thickness ∼ (~vF /T ) ≪
λ, where the deviations of the electromagnetic response
from the bulk London relation j(A) are most pronounced.
So, again, we put Ay(x) = A0 + 4piM0x neglecting the
variations of Ay(x) close to the interface.
The analytical solution of the Eilenberger equation for
the function g allows us to calculate the superconducting
current flowing along S/F interface:
jy(x) = −4pieν0T
∑
ω>0
〈Im [g(x)] vy〉 , (S9)
where ν0 is the density of states at the Fermi level per
unit spin projection and per unit volume, and the brack-
ets denote averaging over the Fermi surface: 〈...〉 =
(4pi)−1
∫ pi
0
dθ
∫ 2pi
0
(...) sin θdϕ. Here θ and ϕ are the spher-
ical angles at the Fermi surface so that vx = vF cos θ
and vy = vF sin θ cosϕ. Further, it is convenient to rep-
resent this current as the sum jy(x) = jM + jsurf (x),
where jM = −(4/3)(e2Tv2Fν0A0(0)/~c)
∑
ω>0(∆
2/Ω3)
coincides with the standard Meissner current flowing in
the bulk superconductor and jsurf (x) is the surface cur-
rent induced by the magnetization. Finally, integrating
jsurf (x) over x we find the desired value of the magnetic
response kernel Q.
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